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Between 1948 and 1958 the EnewetakAtoll in the Marshall Islands w
nuclear explosions,part of the government’snuclear testing program.
demands of the Enewetak people, the government in 1972 decided to rehab
In the cleanupprocess, radiologicallycontaminatedsoil and debris frc
atoll’s <:;landswere placed in a massive, domed concrete containment st
one of the bomb craters on Runit Island. In order to provide the peopl
the MarshalleseCoverrmentwith an objectiveassessment of the nontainn
safety, the Defense Nuclear Agency asked the AdvisoryBoard on the Buil
the National Research Council to study the matter. The committee appoi

I the study concentratedon two issues: (1) the potential hazard of tr~
transportedto the surroundingenvironmentfrom the structure, and (2)
sequence of events that would affect the structure’sphysical integrit~
active hazards that would result from preachmentof the dome. ~The comn
concludes that the containment structureuresentsno health hazard to t
now or In the future. The committeewent on to recommend periodic ins~
dome. Runit Island, on which the dome is situz~ed,was found to be un~
toxic plutoniumparticles in the soil and was placed off-limits foreve]
the committeeexamined the possible radiationhazard on nearby Enjebi I
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PREFACE

Betu-en 1948 and 1958 Enewetak Atoll in the Marshall Islands
$

a used
for u.S. nuclear weapons testing and 43 devices were exploded here.
In 1972 the federal government announced that it would rehabil tate the

1

atoll and return it to the gwernment af the Trust Territory o the
Pacific Islands and, subsequently to the Enewetak people, who had been
moved to Ujelag in 1947, 125 miles southwestof Enewetak.

The Enewetak rehabilitationeffort involvedmany departmen s of the
federal gwernmant with the Defense Nuclear Agency (DNA)being charged
with the major radiologicalcleanup responsibility. In the pr Ss of
this cleanup, radiologicallycontaminatedsoil and debris fr many of
the islands in the atoll were collected and transported to R t Island
on the eastern side of the atoll. The contaminatedmaterial

I

en was
contained in a soil-cementmatrix in (%ctus Crater* which had een
formed by one of the nuclear detonations. fiis material was rrounded
by a concrete key-wall and cwered by a concrete cap. I

In crder to prwide the people of Enewetak and the Mershaaese
government with an objective assessmentof the safety of this

i

ntain-
ment structure, the DNA r,eguestedthe National Acad;my of Sci ces,
through the M3visoryBoard on the Built Environment (ABBE)o the
National Research Council, to ‘assess the effectivenessof th Cactus
Crater structure in preventing harmful auu..untsof radioactive from
becoming available for internal or extern-.L human exposure”; e DNA
added later that this assessment should b~ “set against an un r-
standing of the expected living patterns rE the people of En tak in
terms of their degree of contfi.-::with Rur.it Island and their

r

sure
otherwise to residual radioactiiv~tyc% the atrA1.”

The committee appointed to cenclue%the study concentrated rimarily
on two issues: (1) the potentia..

+

1 l:;;zardof tramuranics bein trans-
ported to the surrounding enviro~wrmtfrom the structuze in i present
configuration,and (2) possible sequences of events that COU1 affect
the structure’sphysical integrity and an estimation of radio~tive
hazards that might result from the dome’s brmachment. Two su idiary
issues also concerned the committee and are commented on in t

f

repor~;
namely, possible hazards associatedwith the quarantined isla of

●Formerly the Building Research Advisory Board (BRAB). I
viii
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remit where the domb in located, and possible hazards fr~ fisl
products that maY arise if the northern island of Enjebi is ref
Although this committee’s charge was not expressly directed lxx
hazards associated with the resetb.lementof rnjebi, it must be
emphasized that the risks from the conmnaption of food grown il
northern islands are high compared with any conceivable risk a)
from rupture of the dome.

The reader of thin report will discover that thetc-ttee
heavily on information furnished by government agencies and th
tractors.

i

Insofar as possible it attmspted to assess the qual
these data and, in one Important instance (the drilling progr
described in the report), supervised the a~isitia of new i
about the quality of the dew’s construction and the concentr
radioactivity contained within it. In its interpretationof

,on
)ttled●
Igd

the
Ising

Iepended .
.r con-
y of

>Smation
bns of
*ntial

hazards associated with the dome the committee depended heavilf on data
acquired by groups at the Lawrence Livermore L8hOratCrieS led DY v. ~.
No!k%in and W. L. ~bison. Members of the CcmBittee reviewed the
sampling and analysis procedures used by these groups. In ad{ition#
all the work on the Bnewetak cpwation done by these groups b s been
subjected to critical review by a select panel of experts fro! oiher
government laboratories and from universities; much of the WC:k d.SO

is published in scientific journals and, thus. has been subj=!ted to
peer review there. The -ttee therefore is satisfied that the
information it has received concerning environmental sampling,
analysis, and dose assessment is of high quality.

The Committee on Evaluation of Bnewetak Radioactivity Con”a inment
wishes to acknowledge the cooperation of the manY individualswho Pro-
vided extensive informationand assistance. The committee la particu-
larly grateful to Thomas Jeffers, Director for bgistics and
Administration, Defense Nuclear A9enCY, AleXSX@ria, Vir9inial Roger

Ray, Deputy for Pacific Operation, Nev’?daCW.erationsOffice, Department
of Energy, LSS Vegas; BrYcn L. Ristv:.~.TGZ” Directorate Fi~ld
Command, DNA* Kirtland Air Porte Base, XeLt:=zicor William Wb ison,
Section ‘Leader,Terrestrial and Atmo !;:ex$t:Sciencest rnvirmme nt
Sciences Division@ Lawrence Livermor$$liaborstory~Live-re.
California; victor Noshkin, Marine Sciences, mvironmental s ierices
Division, Lawrence Livermore LsboratorY# Livemre# ~lifofi.a; and
David Stark, Concrete Materials Resear&h Department, Portlan Cement
Amwciation, Skokie, Illinois.

Robert W. Morse
Chairman

ix



In conducting
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Chapter 1
SUB94ARYAND CQNCLUSIQNS .

its assessmentof the effectivenessof
Crater structure in preventing harmful amounts of radioactivity om
becoming available for internalor external human exposure, the

-1

Committee on ~aluation of Enewetak RadioactivityContainmentor ized
a drilling program to obtain cores through the entire depth of
finishedcontainment structure,visited Enewetak Atoll to ~~in the
structure and observe tne drilling operation reviewed all rele t
data and reports connected with the cleanup program, and intervi ad
key individualsassociated with the program, including those re n-
risiblefor radiation measurementsand their interpretation. Duri its
deliberations,the committee focused on such issues as the natur of
the radioactivematerials containedwithin the structure, the PO ible
changes that might occur to the structureas time passes, the wa in
which radioactive material now contained in the structure concei lY
might be transported elsewhere, and the radioactiverisks to whi the
people of Enewetak would be exposed in the most extreme of these
hypotheticalcases.

1.1 The Containment Structure
The committee believes that the Cactus Crater containmentstrlcture

and its contents present no credible health hazard to the people )f
Enewetek, either now or in the future.

The fuaction of the containmentstructure,as the committeep kr--
ceives it~ is to prevent hazardous human exposure to the radioact.ve
material buried within it, and the committee beiieves it in bighl?
unlikely that any sequence of events would prevent the structure :rom
performing this function. Any flushing or spilling of the Contea:s of
the structure into the lagoon or ocean that mlghh occur as a resu.t of
cracking, settlement or ‘tom damage will not create an meccept tile
radioactivehazard. Indead. even if the entire radioactiveconteits
of the containment structure were to find its wq into the lagoon, no
unacceptablehazard would result.

Although no significant radioactivehazard would bticreated i! the
comtahment structure were to fail in any way, it is prudent to m bin-
tain the physical integrityof the strecture in order that it may
continue to prevent direct human access to the radioactivemateri.1 it
contains. Thus, inspectionof the dome should take place periodi:ail.y

.

1
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and after severe storms. Cracking or settling of the panels shod not

/

b? of concern, but breaches in the riprap should be repaired to pr ide
protection against wave action during storms.

1.2 RShtSd Is.v~
The committee was asked that its assesmnt of the Cactus Crat

structure be ‘set against an understandingof the expected living
patterns of tbe people of Enewetak in terms of their degree of con
with Runit Island and their axposure otherwise to residual radioac
ity on the atoll.- In this zegard the committee makes t= ccxment

act
:iv-

1.

1.2.1 Runit Island “

{

There is a hazard of uncertain ma~+tude on Runit Island bacau e
of the possible presence of plutonium not located and removed duri 9
the cleanup (a situation unique to Runit), andv for this reason, it
has been made off-limits, a status thz &ttee does not dispute. It
is likely, however, that the people of lMmtetsk and others beli
Runit to be off-limits becsuse of hazards amsociatadwith the
containment structure. The ccwnittae therefore emphasizes that i
conclusion regarding the safety of the structure shculd not be in r-
preted to mean that Runit is thought to be harmleas. It may well
that am important future function of the containmentstructure wi be
to serve as a reminder to everyone that the island is to be avoid in
view of the Wssible presence of plutonium there.

1.2.2 Enjebi Island
It is likely that the Dri-Eniebi sooner or later will resettl

their home isl&ds in the ncrthekn part of the atoll. Radiation
exposures associatedwith such a move far exceed any exposures tb
be associated with the d-e or with the radioactivityremaining i
lag-. Indeed, for people who might live on Emjebi in the near
future, radiation exposures due to strontiutu-+~oz cesium-137 in
locally grown foods may become excessive in relation to current u
standards for a ge%eral population, especially if food is not imp
from other islands of the atoll or from outside.

2

‘.

ted



Chapter 2
BACKGROUND

2.1 Nature of the Is?.ands
The Marshall Islands, which comprise the eastern part of

Microne!~ia,are about halfway betweenEawaii and the PhiMpPi
Marshalla consist of 29 coral atolls and 5 coral islands havi
land arua of only 70 square miles (Figure1). Each atol~ con
many separate islands connected by coral reefs that usually f
enclosure around a central lagoon.

“Tlwtemperaturein the Marshalls averages about 80°F with
seasonal variation. The northern islands receive about 60 in
rain annually and the sou’fiernislands, about three times the
but moisture rapidly drains out of the soil end the islands a
tively arid. The amount of rainfall also varies considerably
to year in the northern islands and droughts are ccnamon. m
consist of coconut, pandanusc arrowroot, and bread fruit. Fz
conditions are not infrequent because of drought even though
and lagoons provide a stable source of marine food (Tobin194

2.2 Normal Economy
Prior to World War II, the economy of the Narshalls was t

subsistence crops and fishing, supplementedby the export of
dried meat of the coconut). This continues to be the case tc
most of the islands;however, govwz::mentactivities at Majurc
the missile range on Kwajalein M* mw major sources of eaplc
hence, of income for the people in the MarshaUs.

In 1977, the total population of the islandswas estimstt
25,000. Of these, 8,000 were at Najuro and 5,000 on Ebye Zsl
Kwajalein. A portion of the money earned “>yMarshallese eapl

these two centers filters back to the subsistence-basedMar
sumably, the economy at Enewetak after resettlementwill be t
subsistence crops and fishing, incomes from relatives employe
Majuro and Kwajalein,export crops (initiallynonexistent),?
su?port programs insofar as they continue to exist after inde

2’.. Enewetak Atoll
Enewetak is a typical atoll

elliptical lagoon 23 miles long
area is only 2.26 square miles.

(Figure2)? 40 islands surrol
and 17 miles wide. The tota~
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Although ‘he Marshall Islands were discovered by the Spanis1 in
1529, they remained in practical isolation for over two centuri4s.
Germany claimed the islands in the latter part of the nineteent1
century and developed copra trading activities. Enewetak, with the
rest of German pmseesions in Micronesia,was seized in 1914 by the
Japanese who continued the copra trade. Between 1939 and 1941 Bn-ak
was developed as a military base by the Japanese~ and the local men
were pressed into service as laborers. In February 1944 U.S. uilitary
forces assaulted Enewetak. Possession was won only after the
3,200 Japanese, 350 Americans, and 17 of the 10cal people (Kis
Morison 1961). Following the battle, the United States establ~shed a
large base on the atoll, end after the Pacific war the United tatea
was granted a trusteeshipover the islands by the United IiatiorS(tm’).
In 1947 Presidect Truman notified the UN that Eaewetak was to 1eused
as a nuclear weaFans proving ground and the inhabitantswere rel=-
to Ujelang, 125 miles to the southwest.

2.4 The Enewetak PeoPle
kThere are two political-socialsuMivisicms within the Ene tak

people-the Dri+njebi, who occupied the northern islands, and the Dri-
Enewetak, who lived on the southern islands. Although these tlo tribes
had different chiefs and social organizations, they lived together
peacefully and with extensive intermarriagefor many generationIS. ~th
groups also now include people descended from intermarriagesw:th the
people of Ujelang.

After the battle of Enewetak in February 1944 the people w !re
housed on Aomon (Figure2) where they were supported by the U./.Wm?y
until 1946 when they were moved tempor~rily to Kwajalein. The ~ tk
were returned to Aomon for about a year and, in 1947, 142 of t.em -e
moved to Ujelang, a much smaller atoll (only 0.6 square miles )f land
area). In April 1980 approximately 500 of the people returned to
Enewetak and now are living on the southern islands of Enewetai,
Medren, and Japtan where housing has been Const::cted for them by the
U.S. government (Figure 3).

The experience of the Enewetak people on Uj%leng has been bcu-
mentsd by Tobin (1967). The original Ujelang P.r,plehad migra:ed to
Jalui.tin the 1880s and some later migrate._to Bnewetak. A3.thXlgh
times often have been difficult on the smaller atoll, the tran iti-
to Ujelang was aided by these historical ties and the fact that it was
uninhabited. The dual social structure of Dri-Enewetaks and D :i-
Enjebis was maintained throughout the entire 33-year period on Uje2.ang
and exists today. At the present time, however, both groups rzSide
only on the southern islands, the lands of the Dri-Enewetaks. Gimm
the very powerful cultural importance attached to land in the
Marshalls, as well as its economic value, the Dri-Enjebi, not
surprisingly,wish to resettle their home islands.

2.5 Weapons Testing

JBetween 1948 and 1958, 43 nuclear weapons were exploded o Enmtak
Atoll. Some were sufficientlypowerful to obliterate whole i ands or
blow considerable portions of islands into the lagoon or the

I

can.
Many craters can be seen from the air as deep blue patches in he
surrounding sea or as water-filled pools on the islands. The oral
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FIGURE 3 one of a variety of one- and two-sto~
resettlementhouse styles.

(Photo courtesyof B. L. Ristvet]
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of the reef and of the islands is freely permeable to ocean wa
therefore, the craters are an effective connection with the la
the ocean even if they are lacated within an island.

Most of the testing was done on the northern part of the a
(See Figure 2 for the number and location of the tests.) The
personnel were based in the southern area, and Enewetak Island
largest in the atoll, acccssmcdatedaany buildings and an airst
capable of handling the largest aircraft.

2.6 References
Kister Robert C., ‘The People of =ewetak Atoll vs. the U.S.

Department of Defense,” in Ethics and Anthrcoolo9Y, edite
Ryukiewich and J.P. Spradley, pp. 61-80, John Wiley and S
York, 1975.

Morison, Samuel Eliot, History of United S=teS 19aValOperati
World War Two, vol. 7, pp. 283-304, Little Brown and ~
Xston, 1961.

Tobin, Jack A., The Resettlement of the Enewetak People: A S
Displaced Comunity in the Narshall Islands, Ph.D. disser
University of California, Serkeley, 1967. (Availablefrc
University Microfilms, Inc., Ann Arbor, Michigan.)
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Chapter 3
TOE CLEANUP

3.1 taeanuP Propo sals
~ 1972 the u.S. government announced that it would ret!

Rmwatak Atoll to the gove~nt of the Trust Territory of
Islands snd, subsequently~to the people of ~awetak, and a
clean up and rehabilitatetbe atoll was initiated. Plannin~
from 1972 to 1977, and the people of Enewetakwere involved
major decisions. The cleanup operation itself extended fra
to April 1980. A detailed on-site radiological.investigati~
Atomic mergy Commission (AEC), cleanup by the Department o
(DOD), and rehabilitation (homebuildingand crop planting) 1
Department of the Interiar (DOI)were carried out to -e @
concurrently. The planning and cleanup operations are desc
detail in a lengthy DNA report (1981)and are sunmazized in
sheet (1980).

3.2 CleanuriCriteria
The environmentalimpact statement (EIS)for the cleamq

ment~ and rehabilitationof lhewetak Atoll (Defense Nuclear
1975) established a eeries of standards to be met. Radiati(
the returning population were not to exceed 0.25 rem per Yei

whole body and marrow, 0.75 rem par year to the thyroid, O.’
year to bone, and 4 rem wer a period of 30 years to the ga
“guides for cleanup planningm were followed in the EIS summ
statementz

Cleanup of soil containing plutonium can be handled on i

by-case basis using the foil-ingx (a) less than 40 pC:
soil-corrective act~.onnot requirad, (b 40 to 400 pCi,
soil-corrective action determinti on a case-by-casebaj
considering all radiologicalconditions, (c) more than I
pCi/g of soil-corrective action required.

Yc was recommendedthat only islands satisfyingcriteri{
six-.Ld be used for :esidence and subsistenceagriculture. Is
satisfying criterion (b) could be ued for agriculture (e.g.,
trees for copra production) and those Satisfyingcriterion (c
be visited for food gathering (e.g.,fishing and gathering bi
eggs).
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l’hse standards subsequentlywere wdlfied by
=OZSY (~) to include all the transuranics~not

the Department of
just plutonium. ‘

land-use clcsnup standards also were revised to permit not more tha!
40 pCi/g for residential islands, 80 pCi/g for agricultural islands
and 160 pCi/g for food-gatheringislands.

3.3 Disposal Options
During the planning stages a major consideration was the method

disposal for any plutonium-contaminatedmaterial. Several options I
initially ccmsiderad “including returning it to the United States,
casting it into concrete blockst dumping it into a crater with a ax
crete cap, or dmping it in the ocean or lagoon. (DefenseNuclear
Agency 1981, p. 94). Although strong ar~nts were asde for Iagom
or ocean dumping, the ImvizonmentalProtection Agency (EPA)believe
that national policy prohibited such disposal. This view prevailed
over that of the Energy Research and Deve3.opmentAdministration (%R
sad the final environmental lmsct statement (April197S) identifim
crater entombment as the selected disposal method. Disposal cril
were reviewed again in August 1977 by the ao-cslled Bair Cammittt
‘l’hisgroup advocated ocean duming as the preferred solution witl
lagoon dmping as an acceptable alternative but recognized that i
chmge would regu%re the EIS to be reopened and that EPA opposit:
those alternativeswould still remain. The %air -ittee’s fiw
was that ‘terrestrialdisposal on Runit Island with a concrete ca
was the best practical alternative (letterfrom W. J. Bsirf et &
J. L. Livermsn, Assistant Administrator for Environment and Safe’
ERQA, lku~st 17, 1977). Thus, the cleanup plan finally adopted ~
for radiologicallycontaminated soil and debris present on many
in the atoll to be collected and transport.adto Runst and contai]
a soil-ce9ent matrix in Cactus Crater, w-...“cmnded by a concrete I
wall, and covered by a concrete cap.

3.4 Radioactive Contaminants
The radionuclidesof principal concern at Enewetak are the t:

uranics, mainly plutonium-239, and the fission producta~ stronti~
and cesium-137. The transuranicsare relatively insoluble and t]
fore have remained very near the surface. The strontium and ces
however, are more soluble and have leached to a considerable dep
Indeed, the DNA (1980) stated:

The AEC’S radiological survey had disclosed that, except on
island of Runit, most high transuranic concentrationswere iI
the top few centimetres of soil. ~is was not the case with
suburanics which~ because of their water volubility, were di]
tributed to considerable depth. . . . Excision of soil con-
taminated with suburanics [fissionproducts], however, was
simply not practicable. To do so would require such extensi
soil removal as to render the island useless for habitation (
subsistence agriculture.

Thus, the subsequent cleanup
transuranics.

concentrated on the problem of
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The eqbasis on transuranics in the cleanup operation alm
influencedby the fact that PU-239 has a half-life of 24,000 :
whereas SC-90 and Ce-137 have half-livesof about 30 years. :
near future, however, the fission”productsmust be of great G
because of their rapid rate of ~ment through the soil and
active incorporationinto the food chain.

Since there was virtually no contaminationon the soutber]
it was planned that only these islandswould be settled at th
nim9. Occupationof the northern islands after cleanup was t(
~ned until radioactive deCay brought the concentrations(
and C8-137 to acceptable levels.

3.5 Location of the Oxkamination
Before work could begin it was necessary to find out whit!

were significantlycontaminated and to identifythe specific 1
where remedial work would be required. As has been explained
cleanup was concerned with the fmmauranics, mainly plutonium
plntonium edts only an alpha particle acccmpaniedby a very
x-ray so it is not practicable to measure it in the field. E%
the plutonium is associated with amesicium,which has a suffi
Penetratingg~ ray for detection through several inches of
Aerial surveys and in-situ monitoring detected the significant
taminated islands and specially designed detection equipment :
on a tracked vehicle then was used for a detailed survey. Re
were taken at every intersectionof a 50Wter grid. soil S*
various depths were taken at each intersectionfor laboratory
to determine the plutonium/americiumratio. m areas of high
iaation, sampleswere taken at 25-, 12.5-, and 6.25-meter int
This work provided the basis for radiationcontour maps that
used by the cleanup crews.

3.6 Nature of the Problem
The cleauup problem was not eonfinwl to surface soil cent

with transuranics. During the weaprms testingprogram, debri
tests frequentlywas cleared from a site and dumped in an old
In preparation for reuse of the site for additional tests. A
detectabledumps, crypts, and burial sites were ~cavated and
radioactivecontents transferred to the Cactus Crater. Old b
houses, sunken barges, and landing craft in less than 15 feet
and other miscellaneousdebris were collected, monitored, and
of in the ccmtainment structure? if contaminated,or in deep
the lagoon if not contaminated.

Retrieml fra dumps often was difficult and a crypt on A
Island was so extensive that a year was required to plan and
its excavation. About 16,000 items from World War II (unexpl
artillery and -rtar shells, hand grenades, small arms, and m
als3 were detected, duq up, and detonated or removed by Navy
Ordnance Disposal l’eama. After the rubbish was removed, the
inches of soil
RynLt Island.

was scraped off~ loaded into barges, and trans
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3.7 safety.of Operators
Despite the nature of the work, no significant

contaminationof the personnel is reported to have
workinq in situations where airbornehazards could

radioactit
occurred●

be Snticir
face u&ks and good personal hygiene procedures were requlr~
operators wore dosimeters. Routine urine analysen and film+
recdings showed no significant zxposure. It should be noted
over 5,OOO filters from air samplers, over 50 percent showed
contaminationfrom transuranic ela-ents~ over 95 percent shov
than 1 percent of tne maximum pedssible concentration (MPCl
showed more than 10 percent of the MPC (DefenseNuclear Agenr
Over 4,000 U.S. servicemen served on the atoll during the CIC
6 lost their lives (2 deaths resulted from industrial accider
a recreationalaccident, and 2 free causes *unrelated to the
leant.).

3.8 Cactus Crater
The Cactus Crater, which received all the contaminated d~

soil from the atollt is situated on the reef side of the norl
of Runit Island (Figure 4). Most of the crater rim is on laI
before construction of the dome, about a quarter of the circn
was open to the ocean at high tide and another consisted of {
spit of coral. A surface shot in Hay 1958 produced the 350-4
and 30-foot-deepcrater. About 200 feet to the northeast of
Crater on the ocean side is a somewhat larger crater, LaCros4
was produced by a surface shot in MSY 1956. The rim of LaCr~
high tide appears only as a few isolated rocks above the wat(
original plan was to use LaCrosse Crater first and to use Cal
if there was mxe material than LaCrosse could hold. For lq
reasons, however, the order was reversed and Cactus alone pr(
sufficient size for the disposal operation.

The Cactus Crater was not fonzed in undisturbed rock. T
Tower shot was Cetonated 217 feet southeast of Cactus in May
the ~ Tower shot, 291 feet southeastaf Cactm. in April 19
two shots caused fracturing of the rock around the site of C,
(DefenseNuclear A9encY 1981, P. 409). The Zebra Crater was
and oiled to prevent dust while the Dog Tower was being Work(
the w Crater and contaminated areas were made “radiological
by dumping the contaminated debris in the crater and then co
contaminatedarea with clean sand. It is apparent, therefor
there is a good deal of buried radioactivematerial near, bu
inside, the Cactus Crater and that the surrounding rock is h
fissured.

When the Cactus device exploded, a large amount of rock,
it pulverized into small particles,was thrown upwards. Muc
material fell back into the cratar so that the original hole
filled with debris. The true crater is therefore twice as d
appears to be, and this was demonstratedseveral years ago w
was drilled through the debris to a .i.>thbeyond the bottom
crater. A gamma counter was lowered down the hole and activ
were recorded at different depths (Figure 5). At the bottom
visible crater, the counting rate increased sharply from nea
about 4800 counts per second (CPS). The counting rate then
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to about 400 cps as the counter descended through the fall-back zcne
and rose again to about 3400 CPS at the true bottom of the crater TM
high count at the surface of the fall-back zone is probably due t(,the
fact that small particles, which absorb =re activitY Per unit of
weight than large particles, fell back more slowly.

The high permeability of the coral rock ensures that the radi )-
active material within the fall-back zone has been continuously 11ached
by sea water since 1958. Nevertheless, substantialquantities of
radioactive material were present beneath the apparent bottom OZ A e
crater before any of the soil and debris from the islands was pla:ed
into it.

It is also possible that a part of CaCtUS Crater was formed cut of
a man-made extension of the island on the lagoon side of the reef
(DefenseNuclear Agency 1981, p. 409); at lest there is no
appreciable beachrock present on the lagoon side of the crater.

3.9 Filling of the Crater
The contaminated soil was transported by barge to Runit Isle:d,

where it was mixed with cement and attapulgite to form a mixture
designed for use in the tr=ie method of underwater concrete pla :ement.
Using this method, water is added to the cement-soil mixture to :orm a
slurry that is pumped through a pipe to the underwater location; the
end of the pipe is kept below the surface”of the ejected slurry :0
prevent segregation of the cement and soil.

The crater was filled to the low-tide water level using the :remie
method. The key-wall then was sunk to a depth of 1 foot where tle
beachrock was solid and to a depth of 8 feet where the beachrock was
fractured or absent. The key-wall apparently was placed by d~ sition
through,water that inevitably entered the forms because of the ~gh
permeability of the formations on which the key-wall was Placed.

Above the water level, a common soil-cement placement metimc“ was
used in which a layer of contaminated soil was spread and bags cf
cement were placed at designated intervals and punctured. The cement
was blended into the soil with a disc and the layer was compacted.
Using this procedure a dome-shaped mound was form+.+over the cri ter.
Radioactive debris (i.e.,metallic debris, contaminatedconcret , and
other large pieces of material) too large to pass through the t:’emie
pipe later was plac~ in an area, (called the “donut hole-) resIrved
for it in the center of the structure and was “choked” in place with
slurry.

Before the filling of the crater was cczapleted,construct 1 of the
concrete cap or dome was started. It consists of 358 panels in 11
rings, and the panels vary in size from 20 by 21 feet at the Ou:side
to 6 by 7.5 feet near the center. The panels were made in Plac: in
forms and rested on polyethylene sheet. The design thickness
panels was 18 inches, but the actual thicknesses ranged from 1
24 inches, with a mean of 17.3 inches (Ristvet 1980). The outec ring

‘Segregation, however,

r

was observed in the core samples on at
the bottom of the key-all.

I
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wam laid first, and each panel was keyed to the abutting pane]
prevent differentialdisplacement (Figure6).

Contaminateddebris remaining after the ‘donut hole” was !
placed into two concrete “boxes” constructedfor the purpose
attached to the landward side of the dome.

The Mterial within the Cactus Crater, covered by the com
consists of about 105,000 cubic yards of contaminatedsoil en{
some 6,000 cubic yards of miscellaneousdebris. The dome has
slope and has been used as a landing pad for helicopters. Th~
concrete key-wall around the dome is protectedon the ocean s
wave action by a riprap “mole“—a necessaryprecaution during
struction phase because during the three-yearcleanup opasati
major typhoons and tropical storms hit EnewatakAtoll causing
destruction. One typhoon required complete evacuation of the

3.10 References
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WVO-140, =-NV~ 3 vols., we WashlngtoneD.C., 1973.
. Report by AEC Task Group on Recommendationsfo

and Rehabilitationof Enewetak Atoll, AEC, Washington* D.
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RehabilitationResettlement of Enewetak Atoll-+larshallI
5 vols., DNA, Washington, D.C., 1975.

. Fact Sheet—Enewetak Operation,DNA, Washington
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. The RadiologicalCleanup of Enewetak Atoll, DNl
Washington* D.C., 1981
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FIGURE 6 The containment structure at time of completion.

(Phuto courtegy of Defenge Nucleer Ayency, )
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Chapter 4
DESCRIPTION OF T71ECONTAINMENT STRWTURE

4.1 General Observations
The key-wall and concrete dome appear to be -11 finished an

consist of very good quality concrete. Some slightly open joint
visible between the slabs that form the dome~ and a sM21 nuabe~
very narrow cracks can be seen in a few of the slabs.

Field observations by the committee revealed that fine crack
axtends through the midpoint of 6 of the 358 panels. mst of th
cracks appear to have resulted from nc,rmalshrinkage of the cone
The existing cracks may become larger, and similar cracks aay de
in other panels.

The principal effect of this cracking is to r-uce the ●ffec
size of the panel, functioningas riprap, to approximately 15 tc
half. Nei~er ~isture movement nor future possible flsaure to

underlying ;embr%e is an issue with respect to durability of tb

to
ar ●

)f

q
Ie”
ke.
!lop

4.2” The Drilling Program
At the outset of the study, it was recognized that informatL

concerning the quality of the concrete, the effectiveness of

2

u-
tion of the dome? and the condition of the material within the s c-
ture could be obtained only by means of a drilling program. The se

d, DNA, agreed to undertake the drillDirectorate, Field Comman
program for the committee. The report on the results of the dr ng
(Ristvet1980) is a comprehensivedocument that i.nclu~eshistor ,
geological, and seismic data.

IThe drilling started on March 11 and ended on March 28, 1980 and
much of it took place while committee mamlx?rswere on the sike

%-

Ch
21-28). Selection of Je positions of many of the drill holes
in cooperation with * e committee, whose members were able to wi ess
the drilling and recovery of cores and to examine the cores as y
were extracted.

1

Detailed descriptions of the cores are supplied y
Ristvet (1980) but a general summary will be given here.

Twelve sections of the concrete cap were cored with a 4-inch
diamond bit. Thicknesses varied from 12.5 inches to 24 inches th a
mean of 17.3 23.1 inches. The concrete was of high quality wi sw

+

minor voids or air bubbles. One cap section showxl a 1- to 2-i
honeycombed zone with interconnectionsof voids. All concrete res

19
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Ifrom the dome were shipped to the PortlandCement Association f r
t~sting. These tests showad that the c~ressive strengthsof 1 the
cores were high and that the cores exhibitedno properties that would
lead to prematuredeterioration.

L

Four key-well sections were cored, with the hole penetrating
app~axlmately8 feet below the bottom of the key-wall. Three s owed
good quality concrete, but the lower half of one was friable, r
quality concrete. The latter key-wall sectionrested on highly

Ifractured, moderately to well cemented beachrock. The other th ee
rested on unlamentedmedium to fine sand. In one, the concrete was
separated from the eand by a l-foot layer of dark brown bentoni e or
attapulgite with low shear strength.

The overall conclusion Is that the key-wallsections are oflgcod
quality concretewith some segregation of cement and aggregate t the
bottom. tThey rest on a fractured coral or sand foundation. An
interesting observation made during the kmall drilling was

1

at the
water level in the drill holes appeared to be nearly synchronous with
the tide, which suggests that water flows freely between the cc tents
of the crater end tho ocean.

As noted, the concrete dome coneists of 11 rings of panels. Three
holes were drilled and sampled through the third ring frcm the op.

I

It was expected that after penetrating the cap, the drill would
encounter soil<ament concrete, then tremieconcrete, then cra r fall-
back, and, finally, the coral beneath the true crater bottom. e of
the holes actually entered the undisturbedcoral, but all penet atad
into the fall-backzone.

In the first hole the material immediatelyunder the cap wa~
unlamented mediuK to fine soil-cement mixturewith a few gravel

t
ized

chunks of hardenedcement. This continuedfor 12.5 feet and wa
followed by 3.5 feet of ‘oversize material=consistingof algall
cobbles, broken pieces of tree limbs and boards, wire, anG wba . At

k

a depth of 17 feet a section of 6-inzh layersof poorly to mode ately
cemented tremie concrete alternating with umcementedsoil and o rsiztl
debris began. This material had a strong w1l of amonia and -
tinued for 5 feet. The next 2 feet, which smelled of hydrogen ulfide,
consisted of oversize debris and wbbles.

L
This was followed by 1 foot

of well cemented tremie. The succeeding 6.5 feet had alternati
layers of poorly to moderately cemented tremie concrete and ovs size
cobbles, soil, rebar, and wood fra<.pmnts.

lb

Under this was 6 inc es of
well cemented tremie covering an unzecoveted5-foot section in ich
cuttings showed soil, minor gravel-size tremie, and wood fragme~ts.
The remaining 15 feet of the core consi%t$edof crates fall-back mainly
medium to fine grain coraline sand and mtir fracturedgravel. i

In order to determine the relative per-aabilityof the crat r .

1

contents, percolation tests and pumping ruxwery tests were con ucted
in the boreholes. Details from these pe~ility tests are re rted
by Ristvet (1980)and or.~ythe results are summarizedhere. Th ~r-
colation tests, which involved filling the boreholeswith water o the
level Qf the cap base and then observing the water drop vith t , were
conducted in the soil-cement layer. Altbcqh the results were

t
ewhat

variable from borehole to borehole and at differentdepths with a
borehole, the rate of water level drop in the soil-cementgener lY was

I
very low; in one test there was no water level drop after 12 ho rs.



The pumping recovery tests, which
completely dry and then observing
conducted in the trsmie material.

21

involvedpumping the borebola
the rate of water level rise~
These tests showed ● very ra

recovery in the water levels; in one casg the ~atex level rose
in 5 minutes. ?urthermre, water levels within the tremie cone
corresponded very closely to sea level and lagged only ●bout 1/
behind outside tidal fluctuations.

Thus, it appears that although the permeabili~ of the soil
mixture is quite low, the permeability of the tremie concrete i
higher. ?urtherzmre. in the tremie r%ion &here was relatively
c~nication with the ocean, perhepe mainly along channels pra
by the oversize debris.

The soil-cement mixture wao a moist, dense material that cz
in the hand and the tremie concrete, a dsnse, partially cements
material. The whole of the crater -tents, however, was ratha
impermeable to water except where there was channeling.

In s~ry, the cores showed that there are zcmes of incoq
cemented tremie concrete. This segregationof the concrete -s
resulted because the tremie p@e was not always kept below the
of the slurryt probebly due to -ements of the barge carrying
injection equipment or failure to use a plug when each pumping
was started. The soil-cement above tho water level also did nc
achieve the concrete-like character that was anticipated,possi
because of bacterial effects of organic material which prevents
hardening of the concrete at the level of cement crmtent used.
thelese, we believe that the ke~all and concrete dome are aat~
for all likely situations that will occur.

4.3 Radioactive Contents
Samples taken from the cores and water samples frcm the ho]

analyzed at the Lawrence Livermore Mboratory. Winter sauples z
taken from t- monitoring wells sunk outside the daee area, on
lagoon side, in positions calculated to intersectwater passing
the crater and into the lagoon. The wells were fitted with ung
slotted Polyvinylchloridepipe for use in future mmitoring.

The results of these analyses have been given by Wbiaon ar
t?oshkin(1981). ~ surmsarizethe data here, mean velues have t
calculated, omitting samples taken in the fall-back zone. Rest
given in pCi/g and the range gives the high and low values for
of samples. Strontium and ~ were analyzed using wet chemistq
and the others, using gamza ray apectrometry.

Mean
Radionuclide Concen”zation—_— =
119+2*C

FIJ 18.6 46 - 1.6
2*L

Am 2.8 6.3 - 0.20

Sosr 20.6 52 - 5.5
1s7

Cs 8.7 27 - 0.24
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As is to be expected from the nature of the cleanup and ~la
ment, there is a wide range of concentratda. S~ng the “IAs
with the’’’+’” Put one arrives at a mean value for the tranamr-
SniCS of 21.4 pCi/g. If there are 12.6 Ci of transuranicsin tba
(U.S. Department of Energy 1979) contained in 105,000 cubic yards
soil and one assumes a density of 1.8 g/cc for the soil, the aver
concentration to be expected would be:

12.6 ● 10J* - 87 pCi/g.
105,000 ● 0.76 ● 10s “ 1.8

The observed and calculated values are in reasonableagreement si
the contribution fra the material encased in concrete in the “&
hole” at the center of the dcme is not consideredand neither the
calculated from the samples nor the ●stimates made during the cls

are likely to be very accurate.
Water samples t~en from two different levels of a hole drillai

the dae also were analyzed. The water was filtered through ● 0.45
micron filter and both filtrate and fiLker were analyzed. The mar
values (in pCi/~) were as follows:

Radionuclide Soluble Particulate

~“+~”Pu 0.05 77.8
2*1

Am 0.005 67

Sasr 331 112

l“CS 248 146

The tr?lsuranics are essentially all associatedwith the par+dcmlat
fraction and not as availhle for transprt as ‘$?= and ~~sr -=(
the greater concentrationsare in the soluble fraction. The mean
values (in pCi/t) for samples from the 20-foot level in the two we]
outside the dome were as follows:

~dionuclide Soluble Particulate

2SS+2*0Pu 0.142
:,,,~

164

Am 0.003 59

‘“Sr 225 156

l“CS 27 97

Somewhat higher concentrationsof all nuclides were found in ssmpl,
from the 40-fwt level in ene well. However, at the present time
is not clear if these radionuclides in the well samples are coming
the daae or from the fall-back zone or were present in the soil fr
other causes such as the work done in preparationfor construction
the dome. An artificialbeach was constructed for the off Loading
the material placed in the dome and it is probable that contaminant
soil was used in its construction.
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In general, concentrations of radionuclideain all suplaa
fra tha das are low and are comparable to soil and sadiasnt
trations in the northern part of the ●toll. The liquid saDPla
concentrationswell below 8aarimuapermissible concentrations f
general public for drinking water.
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Chapter 5
HA2ARDS ASSOCIATED WITH THE DCXE

5.1 finctionof the Daae
The functionof the d- in to prevent people froa being eqx ‘sad

to harmful amounts of radioactivity from the debris buried withiI. In
practical teru, the dome will perform this function if it preveIts
mle fr= hav~ direct physical access to the contents and if any
radionuclideseschanged betueen the contents and the envlronmentdo not
create an unacceptablehazard.● Before addressiq how well the cm
can be expected to fulfill these goals, certain backgroundmaterial
will be reviewed (sections5.2-5.5).

5.2 Radionuclidesin the Dome
fie total amount of transuranicscontained within the dcae i1

estimated to be 12.6 Ci (U.S. Department of Energy 1979). Measule-ents
of the fission product content are not available,but a crude es’hate
of a maxiuum of 50 Ci of “Sr and I“CS may be tie using Atomic
Energy ~ission (1973) survey data. The average transuranicccntent
of the material within the dome can be calculatedto be about 87
pCi/g, about twice the permissible soil content of 40 pCi/g for
islands designated for residential use. The average value measuzed
from the drilling samples from the dome was 21 pCi/g, but this dc es not

take account of contaminateddebris that was encased in concrete in the
center “donut hole” of the dome. Similarly, the average total value
of “Sr and ~’7Cs from the drilling samples was 29.3 pCi/g.

In addition, en estimated 380 Cl of activatti and fission pIOducts
plus an unknmn awunt of transuranics are contained in the fall-=ck
debris in the true crater bottom and in the water beneath the material
in the dome (AirPorte Weapons Laboratory TX-77-242 1978). Prior to

I
●

Direct radiation from the contents is not of concern.

I

Radi ion
from the fissionproducts cannot penetrate the ~ cap and have alf-
llves of less than 30 years. External exposuresfrom transurani are
not significantbecause the principle emissions are alpha partic s;
‘:h~external dose from the ‘*lAM gamma radiation is negligible f
the concentrationspresent in the dome.

25
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the filling of Cactus Crater, the concentrationof 2’S+*’PU in

I

the fzeah water within the crater wae 0.116 ~ 0.062 pCi/&# the cr ter
sediments had a concentration of 82 ~ 2 pCi/g (dry weight) (Noahkn
1980, Table 4). These values are higher than Ihe concentrations
measured from within the containment structure (see section 4.3).

5.3 Srensuranics in the Surrounding Environment
Radionuclides in the groundwetec at Runit were measured in 19 75*

prior to the cleanup, by Noshkin end co-workers (1976). These m ~sure-
ments showed that plutonium had penetrated tbe groundwater to the
deepest depths measured (73 m). Dissolv8d ‘S’.+’*PU ranged in va .ue
from 0.01 to 0.66 pCi/k and in mny of the wells was found to
Increasewith depth. TWO of the wells measured in 1975 are betwem
Cactus Crater and the lagoon and ●re very near the two wells disclssed
in section 4.3. Measured values of dissolved 2aS+Ql~ are stiilUr
in the two cases (between0.08 and 0.17 pCi/k) and both show a hi3her
concentration in the well cloeer to the lagoon.

The largest quantities of transuranicsat Enewetak are in the
lagoon sediments. The entire distributionof the transurenics h the
benthic environment at Enewetak has recently been reviewed by No-kin
(1980,Table 1). He estimates that the top 16 cm of the sediments has
an inventoryof 1185 Ci of “’*Q’Pu~ 167 Ci of ‘3’PU, 2190 of ‘“‘Pu,
and 475 a of “’Am. These are distributednonuniformly with th~
highest surface concentrations near the location of test sites. The
higheet concentrationsare in the northwest area of the lagoon w ere
surface activities of ‘39+*’PU are some four times higher thn cff
Runit were surface activities range from 2 to 170 pCi/g (dry wei<ht).
The vertical distribution of the transuranicswithin the sedimen{
colum is highly variable from place to place (sometimesIncreas..ng
with depth) and cannot be generalized easily.

‘rrsnsuranicswithin the water column of the lagoon shcw a ca Iplex
distribution, the spatial patterns being differev’tf-x surface amd
bottcnsconcentrationsof ‘J’%*’Pu as well as EL dissolved and Lus-
pended components. In 1974 the soluble Z19+l*9~ rang~ in cone m-
tration from 0.002 to 0.075 pCi/t. The total inventory in the w Iter
column of the lagoon in 1974 was 1.5 Ci in solution and 0.7 Cl a Ksoci-
ated with particulate material. Thus, the average quantity of
plutonium in the water column is a small fraction of the sedimen:
inventory.

The investigationsof Noshkin and co-workers have shown that at
both Enewetak and Bikini from 75 to 94 percent of the soluble
XSS**@~ in the lagm water is in the oxidized state (+S or +6

with the remainder being in the reduced state (+3 or +4). All
plutonium associated with the particulatematerial is in the r
state. Noshkin (1980) believes that most of the plutonium associated
with the lagoon particulate is from resuspended sediments and iB not .
transportedout of the lagoon. On the other hand, the dissolved
plutonium passes readily through dialysis membranes and seems tc move
without interactionwith the sediment (Noshkin1980).

The water in the lagoon is exchanged with the ocean approxirately
twice a year. ‘rhus,about 3 Ci of dissolved 2“+”PU are remcned
from the atoll each year and an equivalent quantity remobilized from
the sediments and other sources on the atoll. Noshkin has showr that
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the average concentration in solution In the water column can be
accounted for by using a simple equilibriumtiel in which re~bi Liza-
tion involves the sediment in the top 2.5 cm (Woshkin1980)..

5.4 coBParlsons with Other ~ations
It is useful to c~re the situation at ~ewetak with other .oca-

ti~$ where plutonium has been releasd to the ~rine envir~nt , he

of the most studied locations is at Wlndscale in the United King-
where authorized radioactivedischarges are made to the Irish Sea from
a nuclear fuel reprocessingplant. Since 1972 discharge of plutmium
iaotopea to the coastal watera have averaged about 100 Ci per mo-
(ten times that in the dome). Since the first operations of the plant
about 10cOOO Ci of 2’***’PU have been diacbarged,9,oOO of which
reside in the bed of the Irish Sea east of the Isle of Man (x@thering-
ton et al. 1975, Penreath et al. 1979).

Measurement have shown that the dischargedplutonium is rapiily
removed to the aedimenta and that only a few percent of the inve
(as at Enewetak) remaina in the water column. within 10 km of t
source, concentration in the water column average about 0.7 pci/L
and concentration in the sediments average about 40 pCi/g (dry) iith
valuea as high aa 105 pCi/g (dry) (Hetheringtonet al. 1975). m ese
average concentrationsexceed those at Enewetak,which are about 3.017
pCi/L for lagoon water and 5.2 @/g for lagoon sediments (Woahki3
et al.~1980).

LOW level~of plutonium are discharged into Bombay harbor frca a
nuclear facility at Trombay. Here plutonium concentration in the
vicinity of the discharge point range from 0.004 to 0.02 pCi/g in
seawater and from 0.4 to 29 pCi/g in the auspendsdsilt (Pillai a al.
1975, Pillai and Mathew 1976). A reproceaaingplant at Tokai, Japan?
discharge into the ocean where activity levels of “’-’epu as
high aa 0.017 pC1/2 have been reported offshore (Kurabayaahiet aL.
1979).

Thus, authorized releases i;?different parts of the world have
produced concentrationsof trarisuranicsin the marine environment
caparable to or in exceaa of those found at Enewetak.

5.5 Tranauranics in Marine Foods
Tranauranica can be detected in marine organisms worldwide, in both

salt and fresh water, due to global fallout from bomb teats. AS would
be expected, relatively high concentration in marine organiams are
found where there have been releaaea of tranauranics (e.g., near
Hnewetak, Bikini, Windscale, Bombay, or Tokai).

Concentration factors in fish (i.e., the ratio of activity ir a
gram of fish to that in a gram of seawater from the same environrent)
vary considerablybetween apeciea and between samples of the same
apeciea taken from different locationa. Among fish there is litt10
evidence of any strong or consistent relation to trophic level. These
issues, aa well aa the results of meaauremanta taken on 4,200 fiah from
14 atolla in the Marshalls, were summarized recently by Woshkin znd
co+torkers (Noshkinet al. 1980). They found concentration factcrs at
Bikini and Enewetak to be similar, ranging from 5 to 10 in the muscle
tissue of fish at all trophic levels (2nd to 5th). Mean concentzations
at Enewetak in the muscle tissue of mullet and aurgeonfish (whict are
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‘iiprimary consumers) were found to be 0.57 ~0.61 and 0.15 ~0.1 pCi/kg
(wet), respectively. (Considerablyhigher values are measured n the
stomach contents! the vlscera~ and the livez.) I

In order to put such concentrations into pSr8p8CtiV8 it s

Y

ld be
noted that a daily consumption of as much as 1 kg of fish COU1 exceed
the current InternationalCommission on Radiological Protectio (ICRP)
recommended limit for plutonium ingestion only if the fish had

L

plu-
tonium concentration of 10,000 pCi/kg (Penreath1980).

=bieon and m-workers (1980) have made a detailed study o the
potential radiological doses for Enewetak residents. Their es teg
for the potential doses frcm marine foods are based on Noshkin’ work,

L

discussed earlier, and on a diet survey conducted when the Ene tak
people were on Ujelang. They estimate that the man daily inta e of
transuranics from seafood for an adult female will be 0.50 pCi f
Z~Q+l*@pu and 0.12 ~i ‘“~. According to their dose asses t
model, this results in an estimated bone marrow dose of 0.26 year,
which is approximately 1 percent of the annual dose from the

l“”

ic
radiation in the Marshall Islands.

5.6 I%saePreachment

I

A number of possible failure modes might result in breachi of tbe
dome including storm wave and typhoon activity, foundation set ing,
long-term weathering, shrinkage cracking, earthquakes and tsu is,
volcanic activity, generation of methane gas from the organic bris,
and human-related activities such as vandalism. Each of these ailure
modes was considered, but only the first two, storm wave and hoon
activity and foundation settling appear plausible to the commi ee.

Probably the greatest hazard to the dome structure as well s to
the people living on Enewetak Atoll will come from typhoons, w ch
sometimes completely inundate these low islands. Although the ome was
designed to withstand severe storm wave and typhoon activity, e
typhoons in this part of the world aze so severe t.>z a series f them

1

conceivably could cause preachment of the dome s’:~rwture. The 18, *
which surrounds the dome on the north and north;i;:t.zides,ser s as
the 2irst defense for waves from that direction. “i:the mole $iled
(and was not repaired), the next typhoon could -~kthe key

3
11 of

the containment structure, probably causing s: on the reef de.
This attack would be minimized because the heaviec riprap in th mole

i

In all likelihood would be deposited on or in front of the rin wall.
The ring wall sections (12 feet by 2 feet by 3.5 to 5 feet) eac weigh
more than 6 tons, much heavier than are required to resist wav action,
and would therefore function as large riprap. Should the ring all be
washed out, a most unlikely event, wave energy would be absor by
wave run-up on the dome, which would act like a beach in absorb ng wave
energy. U’#ever, the dome panels, each weighing more than 30 s,
also would act as riprap highly unlikely to be moved by wave sc ion.

It was mentioned in s-tion 3.8 that Cactus Crater might h e been
partly formed in a man-made extension to Runit Island, and, if o, the
containment structure could be vulnerable to erosion on the la n side
should the beach ever retreat to the edge of the dome.

I

However on the
basis of a recent study of aerial photographs of Runit, Ristve
believes ti,atthe 1981 shoreline, which is abut 75 feet from t e edge
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of the dome, may be near “equilibri~” since it is close to t
extension of the near subsurfacebeachrock (ByronRistvet, lt
the comnittee, November 1981).

The ccsmnitteebelieves that the probabilityof dome breac
to storm wave and typhoon activity is quite low. However, to
tate early detection of tk=hxz-~hducad effects it recommend
visual inspectionof the dome structure,the surroundingmle
beach on the lagoon side be performed at regular intervals (a
minimum, after each major typhoon).

Some settling with time in response to loading is conceiv
Furthermore, vegetation such as tree limbs includedwithin th
can be expected to undergo bacteriologicalreduction, resulti
slight amounts of settlementwithin the dane. Such settlemen
ever, would not impair the function of the dome cap in denyin
access to the contained @aterial. Resistance against movemen
dome cap in response to settlementof the contents of the da
vialedby the key-wall. Although the key-wall may spread outw
slightly in response to stresses produced by settlement,the
cap functions simply as a series of cover slabs, not a true 6
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tial settlement or settle without any impairmentaf the &meCs C-
formance.
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5.7 Hazards Associated with Leaching from the ContainmentStr~ ure
The results of the dr$lling program describti in cha?t.er4 how

that the tremie and the soil-cementoperations were not fully -
cessful. Within the tremie region there are zones of oversizeddebris
and unconsolidated tremie material that provide channels for ws r
movement.

f

The rapid tidal response in the boreholes indicates at the
water in the structure Is closely coupled to the island’sgrc ater.
Therefore, at feast part of the radioactivitycontained in the ruc-
ture is available for tzansport to the groundwater and, subseqa tly,
to the lagoon, and it is important to determine whether this pa .wzy
may be a significantone.

It is not clear whether Cactua Crater (and its vicinity) isI
greater or lesser source of transuranicmovement to the lagoon

!

an it
was before the cleanup. Before Cactus Crater was filled it was ne of
the sources cf transuranicsbeing r-bilized to the waters of e
1agoon. Noshkin estimates that about 0.4 percent of the dissoiv
plutonium present in the lagoon originated t~om the material at e
bottom of the crater (V.E. Noshkin, personal communicationto % .
Morse, October 23, 1981). Several condition, hwever, were cha ged
by the cleanup operations: the fresh water run-off to the water table

was changed by the constructionof the dome; the cleanup of soil on the

L

island has reduced movement of transurzaicsto the groundwater: nd the
filling of the crater has ❑edified the amount of transuranicsbe g
transported from the crater.

It is possible to demonstrate that leaching from the dome dols not
create a significant new hazard by use of simple inventoryarg ts

1

withouk having to speculate akout possible remobilizationproces s
taking place within the structure. It was indicated in sectior .3
than there is about 1.5 Ci of plutonium continuously in solutia in the
lag ~ and that 3.0 Ci are lost to th ocean annually. The amcm of
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plutonium in the containment structure simply is not sufficient to
sustain any significant increase in the level of activity in the w
of the lagoon. To take an extreme example, if as much as 1 Ci/yr i
plutoniua were being remobilized to the lagoon now, the average co
centzation in the lagoon would increase only by 33 percent and the
effective half-life of the plutonium in the structure would be abo
years. Since the levels of plutonium in the waters of the lagoon ~
have to be increased by several orders of magnitude to exceed inte
national standards for drinking water, leaching from the dome is m
likely to create a hazard.

An upper limit for the radiation dose caused by leaching from
dome can be estimated by simply assuming that all of the transuran
are rapidly remobilized to the waters of the lagoon (i.e., in a ti
less than 30 years so that all effects would occur within one gene
tion). As already notad, about 3 Ci of plutonium need to be read
Sized annually to maintain the present concentration in the water
column, and the estimated dose rate to bone marrow (for all trans-
uranics) from the ingestion of marine foods is 0.26 uwem/yr (secti
5.5). If the concentrations of transuranics in marine organisms a
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proportional to the concentrations in the water column (which is
assumption behind the use of the usual “concentrationfactor=),

1

the total additional dose from the r~bilization of 12.6 Ci to tb
lagoon’s water column should be approximately 4.2 times (12.6 divi
by 3) the estimated annual dose due to the present concentration,
1.1 mr~. In other words, the dome at most could sustain the pre t
levels for about 4.2 years.

This upper limit of 1.1 mrem for the total dose due to remobil” a-
tion of the dome’s transuranics to the waters of the laqxm is ind

!

pendent of the exact mechanisms by which it might occur. A dose o
mrem to bone marrow also is small compared to doses’that can be
eXpeCted from other causes at Enewetak. For example, cosmic rays
the Marshall’s produce a dose to bone marrow of 1.1 mrem every two
weeks. Thus, even a relatively rapid rmbilizatim of all they
uranics contained in the dome to the waters of th,?Iagwn Wuld not
expected to create a significant new radiol~ical hazard.

A simple model can be constructed to estimate the increased 30-
dose to bone ❑arrow through the marine food chain if leaching frae
dome to the lagoon took place with an effective half-life of T (see
appendix A). If all 12.6 Ci in the dome we:e available for leachin
and eventually went into solution in the lagoon (certainlyan overl
conservative assumption), the estimated increased dose as a functia
of the effective half-life in the dome would be:

Effective half-life Extra 30-year dose
in dome (Years) to bone marrow (mrem)

10 0.95
20 0.71
50 0.37

100 0.20
200 0.12
400 0.05
1000 0.02

. ——-——— . . .— ,. _ ._ __ —-————... .. —-— . .. . .-
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5.8 Hazards Associatedwith Breachinq of the Containment Strut1are
AS discussed above, radioactive material can escape from

tainment structure either by leaching, in whic~case all the
activity would be waterborne, or by actual breaching of the d

structure? in which case the radioactivitywould be both waterkorne ad
airborne. If part of the doaeewere torn away, transport of tha radio-
active material, now aggregated for the moat part into larger #utkles
by the cementing process, most likely would occmr during heavy Etorms?
and the most credible result would be that the wet and heavy cc3tents
would be swept into the lagoon. The whole area would be drenc
hence, any material that had become airborne would be washed o
rapidly. It is noteworthy that throughout the cleanup effort f .eld
workers wore air filters for protection against airborne pluton .Um.
Radioactivityon all but a handful of filters was too low to be
detected in totally dry conditions. Thus, even during the most adverse
possible conditions (i.e.,during tie scraping,transporting:,ad
dumping of”the contaminated soil), the amount of airborne p?.utmium was
negligible.

Estimates of the potential future radiologicaldose at Enew !tak -
to atmospheric resuspension of transuranics have been made by rnisoa
and co-workers (1980)based on resuspensionexperimentsconduct d
Xnewetak and Bikini. These measurements includedboth the cent ‘ibt~
tions of sea spray and suspended aerosols of terrestrialorigin (the
“normal or background”mass loading at both locations was apprm imataly
55ug/d of which about 60 percent was due to sea salt); they al:o
included high activity situations such as the cultivation of o~ n
fields.* mea rates were calculated assuming 8 hours per day o1
high activity work. For surface soil transuranicconcentrationsequel
to those at Bnjebi (whichaverages approximately20 pCi/g), the
potential dose rate due to the inhalationnsthwav is estimated as 12
rnrem/yr(I?nbison et al. 1980).

\

~is would-certainlyoverestima
doee rate to a visitor to Runit even if large quantities of un
dated material were to erode from the dome. ~us, if the ‘off
ban on the islandwere violated, potential health effects from
resuspensionappear unimportant.

With respect to the future of the containmentstructure, th
committee believes that the structure will maintain its physi
integrity for a long period of time (probablyin the range of 1
103 years). Bowever, it is impossible to estinte this with an
degree of certainty because the principal threat comes from the
term cumulative effects of large storms. If the key-wall even
were to be breached, the most likely outcome would be an eroei
unconsolidatedmaterial out of the dome to the lagoon and reef,
the dome subsidingupon the consolidated material. ~is would n

●Based on measurements made near Windscale there is some evi
that plutonium may be concentrated in the sea surface and subseq
injected into the atmosphere by sea spray and transported by the
(Cambrayand Eakins 1980). Any such concentrationeffect, if it
exist, would be included in the measurements reported by Robison
co-workers.
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result from any canc~ivable single event but would be the Consq
of cumulative effects over a long period (plus,of ~rae, the -
of any attempt to make repairs). It is the Camittee’s vi-. bI@
that even if this eventually were to happen, the q would contin
to perform its intended functions. The collapsed ~ probably at
would prevent human access to the cantaainated debris buried witi
Any soil-cement or trade material spilling or eroding frm the *
into the lagoon would cause little change to the ctmcentratiorwof
transuranicsthere. Measurementson such material drilled fraa tb
dome showed a mean concentrationof transuranics of 21.4 ~i/g wit
range of 1.8 to S2.3 @2i/g. ~ surface Sediment.nasmrnnts
within a mile of Cactus Crater abau a range of trsnsuranic cancemt
tions of from 1.9 to 64 pCi/g (dry)with aaean of about 30 pCi/g
(Atomic ~ergy C~ission 1973). Thus, deposiciam Ofmterial fi:
dome on the lagoon floor would nat necessarily increase the cancm
tions of transuranics in the superficialsediments.

Even if material from within the dame were to ~tributa to ?3
water column concentrations independently of the radioactivity=
the sediments, the upper limit of the radiological hazard mldtm
same as that estimated in the previous section for leach+.ng. _
all of the transuranics in the dme were rwbilized to the WateZ
column of the lagoon, the result at most would be an increased W
aIly 1 mrem (to bone marrow) through the ingestion of aarime f-

S.9 Summary
It is clear that the estimatesmade here and in the previous

section depend directly on the validity of the dose estimates ca
lated by Rabison and @-workers. These, in turn, depend aQ diet
surveys made at Ujelang and on measurementsmade by Iibshkinand
co-workers (1980) of the transuranicconcentrations in marine fo
It is conceivable that new observationswill lead to new estimati
the bane marrow dose from transuranics in marine focds. Harever
points can be made to support the view that such chamges are not
to alter the basic conclusions of this report.

The assumption of the rapid rrnbilization of all the dane’s
uranics is an extreme one and is not supparted by any existing
evidence. For example, if the rate of remobilizationfrom the d
the lagoon was similar to that fra the lagoon’s sediments, i.e.
having an effective half-life of 400 years (Noshkin 1980), and a
percent of the dame’s contents were available for r-ili=tiaa
30-year integral dose to bane marrow would be only 0.01 mrua (se
section 5.7). Further, the estisated dose fram the ingestwn of
foods from present concentrationsin the lagoon is SSS1l. It w
require an increase of about 10s in the present estisate to prod
a dose level that would be of serious concern.

In summary, the committee believes that it iS hi@lY ~ikeX
the containment structure will fail in its function of prewsntin
access to its contents and that no credible health hazard would .
wen if the containment structure’s transuranics were leached or
into the lagoon.

I
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6.1 Runit Island
Although Runit

Chaptas 6
~ ISSOBS

Island iS to be off-limits forever, it is ~
that the Enewetak people and others believe th~o prohibition to
related to the dome. This, however, is not the case, amd the u
emphasizes that its conclusions‘regardingthe safety of the cod
structure should not be interpretedto mean that it believes t&M
no Pasible hazard on Runit.

The surface of Runit Island was cleaned up to below the ‘q]
tural” level of 40 to 80 ~i/g of soil md the southern part of
island satisfied the residentialcriterion of less ~ 40 pcv~
Department of Energy 1980). Bowever, there were acme 14 detonat
on or near the northern part of Runit, two of which are thought
distributed fragments of metallic plutonium on the island and ix
lagoon. Thus, there is a hazard of uncertain magnitude on Runil
fragments of plutxmium and plutonium dust in subsurface pockets
concentrations of several thousand picocuries per gram have ~
It Is possible that undiscovered pockets contain particles of ~
plutonium that accidentally could be picked up and carried off 1
island. In addition, there was a great deal of earthmoving on 1
during the years of testing with buried plutonium being nixed UI
general debris and so there are areas tha$ muld ~e exposed
action of rain, wind, and waves where cot,>j~tratiowaare more tl
pci/g. It is estimated that, exclusive ; the contents of the c
there might be abut 10 Ci of transuram s on Runit (i.e., nea:

much as there is sealed inside the dome; (Comdttee briefing by
Deputy Director for Pacific Operations,Nevada operations Offic{
Department of Energy, May 28, 1980). For these reasons the isli

been quarantined since the cleanup operation.
Thus, it seems to the ccnmnitteethat although the hazard pr~

by the dome is negligible, the same cannot be said for Runit 1s;
a whole. On the other islands the transuraniccontamination wa$
near the surface, consisted mainly of oxides with WZY low rata
movement through soil, and could be removed fairly easily by
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bulldozing.* On Runit thero is plutonium well below the sucf
which would be difficult to remove without scraping off the s
to bedrock. The seriousnessof the quarantine has been made
to the people of Enewetsk and they so far have respected it.
mittee strongly endorses their determinationto retain the qu
of the entice island of l!unit.

dwn

tine

6.2 Enjebi Island
AS wmlained in the Preface, the principalmission of the

r

ttee
is to ‘assesa the effectiveness of the Cactus Crater structure n pre-
venting harmful amounts of radioactivityfrom becoming avaibbl for

internal OK external human expesure.” In addition, tbe committ a3.ao
was instructed that its asaesament of the Cactua crater structu e was
to be ‘set against an understanding of the expected living patt rns of
the people of Enewetak in terms of their degree of cmtact with Rumit
Island and their exposure otherwise to residualradioactivityo
atoll.9 Consequently,the committee believes it must comment c
radioactivityhazard on Rnjebi since it probably is inevitable

I

Dri-Enjebi will return t~ that island to live and grcu at least
of their food.

6.2.1 Radioactivityon mjebi

JBecause Enjebi was not at first expected to become a reside
island, soil was removed from only about 17 percent of its surfd
The soil removed contained about 5 Cl of transuranics. H-ever,
are only localized areas (about 3 percent) that do not satisfy t
transuranic habitation standard of 40 pCi/g soil (U.S.Departmen
Bnergy 1980). Thus, transuranics are not a problem on Enjebi.

The principal concern in the settlementof mjebi must be di
toward the fission products, especially 9*Sr and “’CS. & msnt
earlier, these were not included in the DNA cleanup mission beta
they were leached out of the top several inchesof topsoil and w
concentrated at depths not feasible for excision. These fission
products are particularly troublesome because they concentrate i
crops, especially coconuts, and, hence, are easily ingested.

6.2.2 Dose Assessments
An extensive dose assessment study utilizingdata collected

Bikini and Enewetak atolls over a period of many years has been

●An exception may be Lujor, near Enjebi, where it has been 9
!letter from W. J. Bair, Chairman, U.S. Departmentof Energy Ene
Advisory Group, to H. Eollister, U.S. Department of Bmergy, Pac~
Northwest Laboratories,Richland, Washington, April 28, 1978) th
soil profile on Pearl [code name for Lujor] is anomalous since t
concentrationof transuranicsappears to be uniform with depth.’
final island certification survey after the cleanup, bmever, re
that Lujor meets the criterion for an agricultural island and th
there are no known or suspected radiologicalburial sites.
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out by Wbison and co+mrkers (1980)●t the
Laboratory. They ●stimate that the 30-year
on Enj@bi ●re 5.7 rams (wlmlebody) and 6.1

Lawrence LiveMore
integral doses for
re8 (bona marrow) w

Iqmrhd foods are ●vailab3..and io rams and 3.2irn, reep&iv
when Iqxwted foods arc unavailable. =r the southern half of
atoll (where the people ~ reside), the 30-year integral doses
0.10 rem (whole body) and 0.12 rem (bornmarrow) when ~rted
●re available and 0.20 ram and 0.26 rem when such foods are una
able. Thus, the calculated doses for living on ~ jebi ue some
higher than the total of 5 rams that is the max~ ●llowable 1
a large population in the mited States.

The nature of th hasardn that would be fti by ● return t
in the n*ar future (i.●., br,foretbe fiasion products have been
further by decay) have ~A explained to the people of ~wetak

ticularls by tho dual-languagedocunnt, The &mwe*=A Atoll W
Departx&nt of Energy 1979). The decision about such a return c
made only by the Dri-Enjebi th~lves after ● realistic and in
comparison of the estimated radiatim risks with the other risk
which they ●re e.qosed ia their normal lif● .

6.3 References
Robiaon, W.L., Phillips, W.A., Mount, WE. , C2eqq, B.R.o and Ca
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Appendix A
ESTIMATED 30-YEAR INTEGRAL COSE VS RATE

0? REMOBILIZATIONF= DCUE

39

The total stock of tranuuranics present at any time in the 1~w
due to leaching froa the dase can be estimated by assuming that: the
rate of remobilizationis proportional to the quantity of transu:antis
remaining in the drn and the remobilizedtransuranicsare r
tidal flushing from the lagoon with a turnover time Y.
is mathematically analagous to a two-stage radioactivedecay prcsees
in which the increased standing stock in the lagoon is analagms to the
amount’cf the intermediatenuclide present. If remobilizationtaken
place with an effective half-lf.feT, then the increased standinq Se k
AS is given by:

r 1AS.TA<e-LL.e-t/Tm-
where X = 0.6931T.

If it is assumed that the dose rate from marine foods is pr(pod-
tional to the standing stock of transuranics in the lagoon (thi:
effectively is the usual “concentrationfactor” assumption), th nthe
extra 30-year dose from & can be written as:

AD30 =% ~“ (AS)dt
so



—— .. . . .

Assuming, as described in chapt~z 5~ that 00 = 0.26 ue=/Yr. T
years, So = 1.5 Ci snd assuming further that alJof the 12.6 Ci
dame is available for leaching, then the extra 30-year dose as
function of effective haIf-life in the dame is:

AD-L4“6’39=em
The data in section 5.7 are calculated from this expressi-.
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